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ABSTRACT
We present the discovery of a faint, resolved stellar system, BLISS J0321+0438 (BLISS 1), found
in Dark Energy Camera data from the first observing run of the Blanco Imaging of the Southern
Sky (BLISS) Survey. BLISS J0321+0438 (BLISS 1) is located at (α2000, δ2000) = (177.
◦511,−41.◦772)
with a heliocentric distance of D = 23.7+1.9−1.0 kpc. It is a faint, MV = 0.0
+1.7
−0.7 mag, and compact,
rh = 4.1
+1
−1 pc, system consistent with previously discovered faint halo star clusters. Using data from
the second data release of the Gaia satellite, we measure a proper motion of (µα cos δ, µδ) = (−2.37±
0.06, 0.16±0.04) mas/yr. Combining the available positional and velocity information with simulations
of the accreted satellite population of the Large Magellanic Cloud (LMC), we find that it is unlikely
that BLISS J0321+0438 (BLISS 1) originated with the LMC.
Keywords: star clusters: general – globular clusters: general – Galaxy: halo – Local Group
1. INTRODUCTION
Resolved stellar systems offer a unique way to probe
hierarchical structure formation at the outer reaches of
the Milky Way halo (e.g., Bullock & Johnston 2005).
The stellar populations of Milky Way satellites provide a
statistical means to estimate ages, distances, and metal-
licities from photometry alone, while also providing a
coherent tracer of the Milky Way’s gravitational poten-
tial at large distances. Over the past several years, the
sidneymau@uchicago.edu; kadrlica@fnal.gov
search for dark-matter-dominated ultra-faint satellite
galaxies has received much attention (e.g., McConnachie
2012; Bechtol et al. 2015; Koposov et al. 2015; Drlica-
Wagner et al. 2015). Ultra-faint galaxies are character-
ized by their large physical sizes, relative to their low
luminosities, and their large stellar velocity dispersions,
relative to their small observed stellar masses. The
discovery of ultra-faint galaxies has come hand-in-hand
with the discovery of a class of ultra-faint halo star clus-
ters (e.g., Fadely et al. 2011; Mun˜oz et al. 2012; Balbinot
et al. 2013; Belokurov et al. 2014; Laevens et al. 2014;
Kim et al. 2015; Laevens et al. 2015; Kim et al. 2016;
Luque et al. 2016, 2017; Koposov et al. 2017; Luque et al.
2018; Torrealba et al. 2019). These clusters have physi-
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2cal sizes consistent with the population of globular clus-
ters (a few parsecs), but can have luminosities hundreds
of times fainter (MV & −2.5). It has been proposed
that halo clusters were accreted onto the Milky Way
through the disruption of infalling satellite galaxies (e.g.,
Searle & Zinn 1978; Gnedin & Ostriker 1997; Koposov
et al. 2007; Forbes & Bridges 2010; Leaman et al. 2013;
Massari et al. 2017). This scenario has received con-
siderable observational support from the age, metallic-
ity, and spatial distribution of these clusters (e.g., Zinn
1993; Da Costa & Armandroff 1995; Mar´ın-Franch et al.
2009; Mackey & Gilmore 2004; Mackey et al. 2010; Dot-
ter et al. 2010; Keller et al. 2011). The accretion scenario
is further supported by the close resemblance between
Milky Way halo clusters and the clusters of dwarf galax-
ies associated with the Milky Way (e.g., Smith et al.
1998; Johnson et al. 1999; Da Costa 2003; Wetzel et al.
2015; Yozin & Bekki 2015; Bianchini et al. 2017).
Over the last several years, there has been renewed
interest in the possibility that a significant fraction of
the Milky Way’s ultra-faint satellites may have been ac-
creted with the Large Magellanic Cloud (LMC; Deason
et al. 2015; Jethwa et al. 2016). Proper motion measure-
ments with Gaia have significantly increased the likeli-
hood that several ultra-faint galaxies are associated with
the LMC (e.g., Kallivayalil et al. 2018). Understanding
the relationship between new ultra-faint systems and the
LMC will help quantify the influence of the LMC on the
Milky Way satellite population.
In this context, we report the discovery of a new faint
outer-halo star cluster, BLISS J0321+0438 (BLISS 1),
using multi-band imaging data from the Dark Energy
Camera (DECam) as part of the Blanco Imaging of the
Southern Sky (BLISS) survey. In Section 2 we describe
the BLISS data and processing along with our use of
Gaia data, while in Section 3 we describe our search
for resolved stellar systems. The systemic and struc-
tural properties of BLISS J0321+0438 (BLISS 1) are
reported in Section 4. In Section 5 we compare the
measured properties of BLISS J0321+0438 (BLISS 1)
to other known faint halo star clusters, and we conclude
by discussing possible origins of this faint stellar system.
2. DATA
The BLISS survey is a multiband, multipurpose pro-
gram that uses DECam (Flaugher et al. 2015) to image
the southern sky in the g, r, i, and z bands.1 BLISS pro-
cesses all public DECam exposures with exposure time
> 30 s in addition to performing devoted observations
to fill gaps in the existing DECam sky coverage. The
1 We note that the z-band data is not used in this analysis.
first BLISS observing campaign consisted of 11 nights
in 2017A (Prop-ID: 2017A-0386). DECam exposures
were reduced and processed by the Dark Energy Sur-
vey (DES) Data Management system using the same
pipeline that was applied to the DES public data re-
lease (DES DR1; DES Collaboration 2018; Morganson
et al. 2018). Astronomical source detection and pho-
tometry were performed on a per exposure basis using
the PSFex and SExtractor routines (Bertin & Arnouts
1996; Bertin 2011). As part of this step, astrometric cal-
ibration was performed with SCAMP (Software for Cali-
brating AstroMetry and Photometry) (Bertin 2006) by
matching objects to the 2MASS catalog (Skrutskie et al.
2006). The SExtractor source detection threshold was
set to detect sources with S/N & 5. The photometric
fluxes and magnitudes used here refer to the SExtractor
PSF model fit.
Photometric calibration was performed by match-
ing stars to the APASS (Henden & Munari 2014) and
2MASS (Skrutskie et al. 2006) catalogs for each CCD
(charge-coupled device) following the procedure de-
scribed in Drlica-Wagner et al. (2016). Briefly, APASS-
measured magnitudes were transformed to the DES
system before calibration, following the equations de-
scribed in Appendix A4 of Drlica-Wagner et al. (2018):
gDES = gAPASS − 0.0642(gAPASS − rAPASS) − 0.0239
rDES = rAPASS − 0.1264(rAPASS − iAPASS) − 0.0098
iDES = rAPASS − 0.4145(rAPASS − J2MASS − 0.81)− 0.0391,
which have statistical root-mean-square errors per star
of σg = 0.04 mag, σi = 0.04 mag, and σr = 0.05 mag.
For a small number of CCDs where too few stars were
matched, or the resulting zeropoint was a strong outlier
with respect to the other CCDs in that exposure, zero-
points were instead derived from a simultaneous fit to
all CCDs in the exposure. This calibration procedure
is similar to that described by Koposov et al. (2015),
and the relative photometric uncertainty in the derived
zeropoints is estimated to be ∼ 3%. Extinction from
interstellar dust was calculated for each object from a
bilinear interpolation (in Galactic coordinates) of the
extinction maps of Schlegel et al. (1998). To calcu-
late reddening, we assumed RV = 3.1 and used a set
of Rb = Ab/E(B − V ) coefficients derived by DES for
the g, r, and i bands: Rg = 3.185, Rr = 2.140, and
Ri = 1.571 (DES Collaboration 2018).
2 All quoted mag-
nitudes have been de-reddened using this procedure.
A multiband catalog of unique objects was assembled
by performing a 1′′ match for all objects detected in
each of the individual exposures following the procedure
2 An update to the DECam standard bandpasses changed these
coefficients by< 1 mmag for DES DR1 (DES Collaboration 2018).
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Figure 1. Stellar density, color-magnitude diagrams (CMDs), radial distribution, and proper motions for BLISS J0321+0438
(BLISS 1). Stars with g < 24.5 mag are colored by their best-fit ugali membership probability, p (Section 4); objects with
p < 5% are shown in gray. Top left: spatial distribution of stars passing the isochrone filter. Top center: binned spatial
distribution of stars passing the isochrone filter, smoothed by a Gaussian kernel with σ = 2.′2. Top right: radial distribution of
isochrone-filtered stars with respect to the centroid of BLISS J0321+0438 (BLISS 1). The blue curve corresponds to the best-fit
Plummer model, assuming spherical symmetry, with rh = 0.
′55. The dashed gray line represents the background field density.
Bottom left: the CMD of stars within one half-light radius of the centroid; the blue curve corresponds to the best-fit isochrone.
The distribution of background stars in the surrounding region is shown in gray. Bottom center: background-subtracted Hess
diagram for stars within 3rh of the centroid of BLISS J0321+0438 (BLISS 1). The background is estimated from a concentric
annulus with 5rh < r < 5.8rh. The best-fit isochrone is overplotted in blue. Bottom right: Gaia proper motions for stars
cross-matched with BLISS (Section 2). Color represents the ugali membership probability derived from the BLISS data. The
proper motions of field stars are shown in gray.
described in Drlica-Wagner et al. (2015). In the region
surrounding BLISS J0321+0438 (BLISS 1), the median
10σ limiting depth of the BLISS catalog is g ∼ 23.0 mag
and i ∼ 21.8 mag. We selected stellar objects based on
the SPREAD MODEL quantity: |SPREAD MODEL G| < 0.003
+ SPREADERR MODEL G. This selection has been shown
to yield a stellar completeness of ∼ 90% to a magnitude
of g ∼ 23 mag (Drlica-Wagner et al. 2015).
Our search for resolved stellar systems in the BLISS
data uses g- and r-band photometry. However,
BLISS J0321+0438 (BLISS 1) was identified in a re-
gion where the BLISS r-band data did not provide full
coverage at consistent depth, leading us to use i in-
stead of r for parameter fitting (i.e., in Section 4 and
Figure 1). The i band is slightly shallower than the r
band, but we gain full coverage in the region surround-
ing BLISS J0321+0438 (BLISS 1), allowing us to better
estimate the distribution of field stars.
For our proper motion analysis, we spatially cross-
match stars in the BLISS catalog to objects in Gaia
DR2 (Gaia Collaboration et al. 2018) using a match-
ing radius of 0.′′5. We remove Milky Way foreground
stars using a parallax cut of $ − 3σ$ > 0 (Pace
& Li 2019). Defining u = (astrometric chi2 al/
(astrometrc n good obs al − 5))1/2, we remove stars
with bad astrometric fits of u > 1.2×max{1, exp(−0.2(G−
19.5))} (Lindegren et al. 2018; Pace & Li 2019). We note
that the cross-match with Gaia and the subsequent cuts
based on Gaia-measured quantities are only applied
when deriving the proper motion of BLISS J0321+0438
(BLISS 1) in Section 4.2.
3. SATELLITE SEARCH
We perform a matched-filter search for spatial over-
densities of old, metal-poor stars in the BLISS data by
applying an algorithm inspired by the binned stellar den-
sity map procedure described in Section 3.1 of Bechtol
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Figure 2. Physical size vs. absolute magnitude (left), and heliocentric distance vs. absolute magnitude (right) for resolved
stellar systems in and around the Milky Way. Milky Way globular clusters are shown as black circles (Harris 1996), Milky Way
open clusters are shown as red circles (Kharchenko et al. 2013), and recently discovered faint halo star clusters are shown as
black stars. Local Group dwarf galaxies are shown as solid blue triangles, while candidate Milky Way satellite galaxies without
firm classification are shown as open blue triangles (Torrealba et al. 2018, and references therein).
et al. (2015). We partition the sky into HEALPix pixels
of nside=32 (∼ 3.4 deg2) (Go´rski et al. 2005). Iterating
through all HEALPix pixels, we select BLISS stellar cata-
logs in each HEALPix pixel and its eight nearest-neighbor
HEALPix pixels. We apply quality cuts requiring that ob-
jects be detected in both g and r bands and are brighter
than g = 24.5 mag (WAVG MAG PSF G < 24.5). We fil-
ter the stellar catalogs according to a template PARSEC
isochrone (Bressan et al. 2012) with age τ = 12 Gyr and
metallicity Z = 0.0001. We scan this isochrone over a
range of distance moduli from 16 ≤ m −M ≤ 24.5 in
steps of 0.5 mag. At each distance modulus step, we
select stars consistent with the template isochrone by
requiring the color difference between each star and the
template isochrone to be ∆(g − r) <
√
0.12 + σ2g + σ
2
r ,
where σg and σr are the statistical uncertainties on the
g- and r-band magnitudes, respectively. For each of
these isochrone filters, we compute the characteristic
density of the data in the region of interest and con-
volve the stellar field with a Gaussian kernel of 2′ to find
peaks relative to the mean field density of the HEALPix
pixel. For each peak, we compute the characteristic lo-
cal density in an annulus around the peak, fitting an
aperture that yields the highest Poisson significance rel-
ative to the background. To fit these apertures, we vary
the radius of an annulus about each peak, and compute
the Poisson significance of objects inside, with respect to
the expected model number from the local characteristic
density. We remove redundant peaks (i.e., spatially co-
incident peaks at different distance moduli) and compile
a candidate list.
We make sets of diagnostic plots for all candidates
with Poisson significance > 5.5σ and examine each by
eye. We compare this list of candidates against previ-
ously reported systems to identify new and unique ob-
jects. BLISS J0321+0438 (BLISS 1) is detected with a
Poisson significance of > 14σ and is the first significant
candidate discovered in this search .
4. RESULTS
After identifying BLISS J0321+0438 (BLISS 1) as a
statistically significant overdensity, we proceed to per-
form fits to the morphological, isochrone, and proper
motion parameters of this system. We describe these
fits in Section 4.1 and Section 4.2, and we present the
results in Figure 1 and Table 1.
4.1. Morphological and Isochrone Parameters
We fit the morphological and isochrone parameters
of BLISS J0321+0438 (BLISS 1) using the maximum
likelihood formulation implemented in ugali (Bechtol
et al. 2015; Drlica-Wagner et al. 2015). We model the
spatial distribution of stars with a Plummer profile and
the CMD with a synthetic isochrone from Bressan et al.
(2012). We simultaneously fit the longitude, latitude,
extension, ellipticity, and position angle of the Plum-
mer profile, and the age, metallicity, and distance mod-
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Figure 3. Proper motion distribution of simulated LMC satellite particles within 10 kpc of BLISS J0321+0438 (BLISS 1) from
Jethwa et al. (2016). The proper motion of BLISS J0321+0438 (BLISS 1) is represented as a yellow star (uncertainty in the
proper motion is dwarfed by the scale of the axes). The dashed lines indicate the mode of the simulated satellite distribution,
while the dashed circle encloses points that are closer to the mode than is BLISS J0321+0438 (BLISS 1). The left panel
assumes MMW = 7.5 × 1011 M, while the right panel assumes MMW = 1.25 × 1012 M. In both cases the LMC mass is set to
MLMC = 2 × 1011 M.
ulus of the isochrone. We derive the posterior probabil-
ity distribution using an affine invariant Markov Chain
Monte Carlo (MCMC) ensemble sampler (i.e., emcee;
Foreman-Mackey et al. 2013). The resulting best-fit pa-
rameters are shown in Table 1. Three-dimensional phys-
ical separations between BLISS J0321+0438 (BLISS 1)
and the Galactic Center, LMC, and SMC are reported
in Table 2. BLISS J0321+0438 (BLISS 1) is signifi-
cantly detected in our likelihood analysis with a test
statistic of TS = 206.7, corresponding to a Gaussian
significance of 14.4σ. We find that BLISS J0321+0438
(BLISS 1) is an old (τ = 9.2 Gyr), compact (rh = 0.
′58)
stellar system with a higher average systemic metallic-
ity (Z = 0.0006) than most ultra-faint dwarf galaxies
(McConnachie 2012, 2015 edition). In the left pan-
els of Figure 1, we plot the spatial (top) and color-
magnitude (bottom) distributions of stars in the region
surrounding BLISS J0321+0438 (BLISS 1). Stars are
colored according to their membership probability, as
determined by the likelihood fit (stars with p < 5%
are colored gray). The center panels further support
the reality of this system by showing the binned spa-
tial distribution of objects passing the isochrone filter of
∆(g − i) <
√
0.12 + σ2g + σ
2
i , where σg and σi are the
statistical uncertainties on the g- and i-band magnitudes
(top), and the background-subtracted Hess diagram of
objects within 3rh of the best-fit centroid (bottom). The
top right panel shows the radial distribution of objects
passing the isochrone filter with respect to the centroid
of BLISS J0321+0438 (BLISS 1); the distribution is con-
sistent with what we expect from the top left and top
center panels and is well-modeled by a Plummer profile.
The physical parameters of BLISS J0321+0438
(BLISS 1) place it in a somewhat ambiguous region
of parameter space. It is fainter than most classical
globular clusters, more distant than most known open
clusters, and more compact than ultra-faint satellite
galaxies. As such, BLISS J0321+0438 (BLISS 1) ap-
pears to belong to a poorly defined group of old, metal-
poor systems that resemble globular clusters, but are
fainter than conventional globular clusters (Harris 1996,
2010 edition). Based on these properties, we tentatively
classify BLISS J0321+0438 (BLISS 1) as an ultra-faint
halo star cluster rather than an ultra-faint dwarf galaxy.
Spectroscopy is necessary to confirm this classification
through systemic velocity and metallicity dispersion
measurements.
4.2. Proper Motion
We cross-match BLISS data with Gaia to search for
correlated proper motion in the stars identified as high-
probability members of BLISS J0321+0438 (BLISS 1).
Because Gaia has a limiting magnitude of g ≈ 21 mag
(Gaia Collaboration et al. 2018), we are only sensi-
tive to the proper motions of the brighter members of
BLISS J0321+0438 (BLISS 1) when cross-matching.
6We estimate the proper motion of BLISS J0321+0438
(BLISS 1) by applying the Gaussian mixture model
analysis described in Section 2.2 of Pace & Li (2019)
to all cross-matched stars. Briefly, the mixture model
separates the likelihoods of the satellite and the Milky
Way stars, decomposing each into a product of spa-
tial and proper-motion likelihoods. Stars that are
closer to the centroid of BLISS J0321+0438 (BLISS
1) are weighted more heavily by assuming the best-
fit projected Plummer profile. This analysis yields a
proper motion for BLISS J0321+0438 (BLISS 1) of
(µα cos δ, µδ) = (−2.37+0.06−0.06, 0.16+0.04−0.04) mas yr−1.
The brightest red giant branch (RGB) stars are pre-
cisely measured by Gaia, and we find that their proper
motions are tightly clustered (red points in the lower
right panel of Figure 1). To cross-check the results of
the more sophisticated mixture model, we use a simple
MCMC to determine the average proper motion, includ-
ing correlated uncertainties, of just the three candidate
RGB members of BLISS J0321+0438 (BLISS 1; circled
red in Figure 1). Doing this, we find (µα cos δ, µδ) =
(−2.36+0.06−0.06, 0.17+0.04−0.05) mas yr−1. This simple cross-
check is in good agreement with the more comprehen-
sive mixture model analysis, and we quote the mixture
model result as our primary proper motion measure-
ment. The correlated proper motions of the brightest
likely-member stars lends confidence to the claim that
BLISS J0321+0438 (BLISS 1) is a real satellite system.
5. DISCUSSION
BLISS J0321+0438 (BLISS 1) joins the rapidly grow-
ing list of ultra-faint halo star clusters discovered in
recent years with the advent of DES, Pan-STARRS,
Gaia, and other wide-area surveys. In Figure 2 we
compare BLISS J0321+0438 (BLISS 1) to known satel-
lite galaxies, globular clusters, and open clusters in
the space of absolute magnitude versus physical half-
light radius, and absolute magnitude versus heliocen-
tric distance.3 BLISS J0321+0438 (BLISS 1) is signif-
icantly fainter than classical globular clusters (Harris
1996, 2010 edition), more distant than most open clus-
ters (Kharchenko et al. 2013), and more compact than
recently discovered ultra-faint dwarf galaxies (e.g., Tor-
realba et al. 2018, and references therein). The size and
luminosity of BLISS J0321+0438 (BLISS 1) make it sim-
3 We follow the analysis of Torrealba et al. (2019) to derive
values for open clusters in Kharchenko et al. (2013). Half-light
radii are estimated as the radius at which the integrated King
profile (Eq. 2 from Piskunov et al. 2007) is half the value inte-
grated to the tidal radius. Luminosities are estimated by fitting
an isochrone to member stars from the 1σ membership probability
group described in Piskunov et al. (2007).
ilar to recently discovered faint halo clusters, such as Ko-
posov 1 and 2 (Koposov et al. 2007), Kim 1 (Kim et al.
2015), Segue 3 (Fadely et al. 2011), Mun˜oz 1 (Mun˜oz
et al. 2012), Kim 3 (Kim et al. 2016), and the nine ob-
jects discovered by Torrealba et al. (2019). These ob-
jects populate the “valley of ambiguity” (Gilmore et al.
2007) between compact star clusters and extended dwarf
galaxies.
BLISS J0321+0438 (BLISS 1) resides in a region
of the sky where the gravitational influence of the
LMC is non-negligible. While BLISS J0321+0438
(BLISS 1) is currently located 40.5 kpc (53.◦5 in projec-
tion) from the LMC, it is natural to consider whether
BLISS J0321+0438 (BLISS 1) may have originated with
the LMC before being tidally captured by the Milky
Way during accretion of the LMC. We test this hy-
pothesis by comparing with numerical simulations from
Jethwa et al. (2016), which model the evolution of the
LMC satellite population during infall. These simula-
tions sample plausible ranges of LMC orbital histories
and initial total masses for the Milky Way (MMW)
and LMC (MLMC). We estimate the statistical consis-
tency between the proper motion of BLISS J0321+0438
(BLISS 1) and the simulated distribution of satellites
within 10 kpc of its location (Figure 3). We calculate a
p-value from the fraction of simulated satellites that are
farther from the mode of the simulated proper motion
distribution than BLISS J0321+0438 (BLISS 1) and
convert this p-value to a Gaussian significance. We find
that the distribution of simulated satellites within 10 kpc
of BLISS J0321+0438 (BLISS 1) has a predicted helio-
centric proper motion of (µα cos δ, µδ) = (−1.56, 2.61)
mas yr−1 for MMW = 7.5 × 1011 M (consistent with
Eilers et al. 2019) and MLMC = 2× 1011 M (consistent
with Pen˜arrubia et al. 2016). The proper motion of
BLISS J0321+0438 (BLISS 1) has p = 0.35 and is con-
sistent with the simulated proper motion of the LMC
debris at the level of 0.66σ. For MMW = 1.25×1012 M
(consistent with Watkins et al. 2019), the simulated dis-
tribution of satellites has a predicted heliocentric proper
motion of (µα cos δ, µδ) = (−1.52, 3.51) mas yr−1. For
this distribution, BLISS J0321+0438 (BLISS 1) has
p = 0.03 and is consistent with the proper motion of the
simulated satellites at the level of 2.10σ.
As a visual cross-check, we convert the solar-reflex-
corrected proper motions of BLISS J0321+0438 (BLISS
1) to the Magellanic Stream coordinate system (Nidever
et al. 2008) and plot the relative velocity vector, along
with similar vectors for several satellites with probable
LMC origins (Kallivayalil et al. 2018), in the upper panel
of Figure 4. The lower panel of Figure 4 shows the
Galactocentric distance versus Magellanic Stream longi-
7tude. The proper motion of BLISS J0321+0438 (BLISS
1) is not preferentially aligned with the on-sky distribu-
tion of simulated LMC debris, nor is it aligned with the
velocities of satellites with probable LMC origins. It is
possible that BLISS J0321+0438 (BLISS 1) was instead
accreted with another satellite galaxy progenitor that
has already been tidally disrupted by the Milky Way. It
is also possible that BLISS J0321+0438 (BLISS 1) has a
common origin with other Milky Way open or globular
clusters, and that it is merely an outlier in distance and
luminosity.
The rapidly growing catalog of faint outer-halo star
clusters (e.g., Fadely et al. 2011; Mun˜oz et al. 2012; Bal-
binot et al. 2013; Belokurov et al. 2014; Laevens et al.
2014, 2015; Kim et al. 2015, 2016; Luque et al. 2016,
2017, 2018; Koposov et al. 2017; Torrealba et al. 2019),
emphasizes the incompleteness of current surveys. As
deep, homogeneous sky coverage improves (i.e., with the
Large Synoptic Survey Telescope (LSST)), it is likely
that a much larger number of similar faint, small sys-
tems will be discovered. Characterizing these faint ob-
jects will become increasingly important for understand-
ing the formation and origins of resolved stellar systems
in the Milky Way halo.
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est density interval containing the peak and 90%
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aWe assume a systematic uncertainty of ±0.1 as-
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b The uncertainty in MV was calculated following
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BLISS J0321+0438 (BLISS 1).
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Figure 4. Normalized relative density of simulated LMC
satellites from Jethwa et al. (2016). BLISS J0321+0438
(BLISS 1) is shown as a yellow star, and the four satel-
lites of likely LMC origin (Hor I, Car II, Car III, and Hyd
I; Kallivayalil et al. 2018) are shown as blue dots. The
color scale corresponds to the normalized relative density of
LMC satellites in arbitrary units. Upper: spatial position of
BLISS J0321+0438 (BLISS 1) and the simulated LMC tidal
debris. Arrows indicate the solar-reflex-corrected proper mo-
tions of BLISS J0321+0438 (BLISS 1) and the four satellites
with likely LMC origins (no physical meaning is attributed
to the magnitudes of these arrows). Note that Car II and
Car III are nearly coincident but have different velocity vec-
tors. Lower: Galactocentric distance vs. Magellanic Stream
longitude. BLISS J0321+0438 (BLISS 1) is closer to the
Galactic center than most of the simulated LMC tidal debris.
In comparison, the four satellites with likely LMC origins are
more consistent with the simulated distribution.
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